Unsteady laminar natural convection in an enclosure with partially thermally active side walls and internal heat generation is studied numerically. Thermally inactive parts of the side walls and horizontal walls are thermally insulated. The governing equations are solved using the control volume method with a power law scheme. Nine different combinations of the hot and cold thermally active zones are considered. The effects of heat generations, aspect ratios, different Prandtl numbers, and locations of the thermally active part of the side walls on the flow pattern ͑streamlines͒, heat distribution ͑isotherms͒, midheight velocity, and rate of heat transfer from the walls of the enclosure are presented. It is observed that the heat transfer rate increases with increasing the Grashof number due to an increase in buoyancy force and decreases with an increase in heat generation. The heat transfer is found to be the maximum when the hot and cold thermally active locations are placed at the middle of the side walls.
I. INTRODUCTION
The study of natural convection heat transfer in enclosures is an active area of research for the past six decades. While a good number of works have made significant contributions for the development of the theory, an equally good number of works have been devoted to applications that include cooling of electronic equipments, solar energy collectors, oil extraction, fuel cells, nuclear reactors, crystal growth, and biomedical engineering. For a detailed survey of literature on the natural convection heat transfer, one may look at Refs. 1 and 2. However, we shall refer to a few important works that may serve as background for the present work.
Acharya and Goldstein 3 studied numerically the natural convection in an externally heated vertical or inclined enclosure possessing internal energy sources. They concluded that the average heat flux at the cold wall increases with an increase in the external Rayleigh number and decreases with a decrease in the internal Rayleigh number. Their investigation also reveals that the local heat flux ratio along a surface attains its maximum value in the vicinity of the region where the heated ͑cooled͒ fluid from the opposite walls or from the interior encounters the surface. Sundaravadivelu and Kandaswamy 4 investigated the natural convection heat transfer in pure water, around its density maximum, contained in an inclined enclosure with internal heat generation and reported on the existence of multiple fluid cells inside the enclosure due to the density maximum of water occurring in the operating temperature region. The size of the cell depends strongly on the inclination angle. They also found the average heat transfer rate to be a maximum for the inclination angle of 150°.
Natural convection in a differentially heated corner region was numerically studied by Kimura and Bejan. 5 They found that the flow rate associated with this cellular motion increases and the net heat transfer affected by this flow is enhanced as the Rayleigh number increases. Hossain et al. 6, 7 studied an electrically conducting heat generating fluid contained in an enclosure and showed that an increase in the heat generation parameter leads to an increase in the flow rates in the primary cell as well as an increase in its size until it occupies almost the entire enclosure. Natural convection heat transfer in an inclined enclosure containing a centrally placed solid square heat generating body by Kandaswamy and Sivasankaran 8 showed that the heat transfer rate increases when the source strength and the tilting angle of the enclosure take lower negative values.
In all the above studies convection heat transfer is due to the imposed temperature gradient between the opposing walls of the enclosure taking the entire vertical wall to be thermally active. However, in many naturally occurring situations and engineering applications it is only a part of the wall which is thermally active. For example, in solar energy collectors due to shading, it is only the unshaded part of the wall that is thermally active. In electronic equipments, the chip mounted area of the wall is thermally active. In order to have the results possess applications, it is essential to study heat transfer in an enclosure with partly thermally active walls.
Only a few studies are reported in the literature concerning heat transfer in enclosures with partly thermally active side walls, as by Valencia and Frederick, 9 Kandaswamy et al., 10 and Nithyadevi et al. 11 In these works, the fluid inside the enclosure is not a heat generating one. However, in many biomedical and fuel cells, the fluid generates heat due to chemical reactions and hence one has to study the natural convection heat transfer in an enclosure with partially ther- mally active side walls containing heat generating fluids. In this study we investigate the natural convection heat transfer in enclosures with partially thermally active side walls containing a heat generating fluid. This paper describes the natural convection in a rectangular enclosure with partially thermally active vertical walls for nine different active locations. The results are displayed graphically in terms of streamlines, isotherms, average Nusselt number, and midheight velocity profile which show the effect of internal heat generation for enclosures with different active side walls.
II. MATHEMATICAL FORMULATION
Consider a two-dimensional rectangular enclosure with a length L and height H filled with a fluid as shown in Fig. 1 . Initially ͑that is, at t =0͒ the enclosure filled with fluid is motionless and assumed to be at a uniform temperature c . At time t Ͼ 0, a portion of the left wall is kept at a temperature h and a portion of the right wall is at a temperature c , with h Ͼ c . The inactive parts of the thermally active side walls and horizontal walls x = 0 and x = H are thermally insulated. Nine different cases will be studied here, that is, for the hot region located at the top, middle, and bottom and the cold region moved from bottom to top. The Cartesian coordinates ͑x , y͒ with their corresponding velocity components ͑u , v͒ are as indicated in Fig. 1 .
Representing the position through the Cartesian coordinate system and assuming all other fluid properties to be constant, the flow of an incompressible Boussinesq viscous fluid under the above specified geometrical and physical conditions is governed by the equations
The appropriate initial and boundary conditions are Introducing the following nondimensional variables:
we get the vorticity-stream function formulation of the above problem ͑1͒-͑5͒ as The initial and boundary conditions in the dimensionless form become The nondimensional parameters that appear in the equations are the aspect ratio ͑Ar͒ = H / L, the Grashof number Gr= g␤͑ h − c ͒L 3 / 2 , the Prandtl number Pr= / ␣, the heat source parameter S = QL 2 / ͓c p ͑ h − c ͔͒, the specific heat at constant pressure c p , the acceleration due to gravity g, the height of the enclosure H, the length of the enclosure L, the dimensionless heat generation Q, the thermal diffusivity ␣, the coefficient of thermal expansion ␤, the kinematic viscosity , and the density .
The local Nusselt number is defined by Nu= ‫ץ‬T / ‫ץ‬Y y=0 , resulting in the average Nusselt number as Nu= ͐ h Nu dX, where h = H / 2 is the length of the thermally active part.
III. METHOD OF SOLUTION
The governing equations ͑6͒-͑8͒ are discretized using the finite volume formulation with the power law scheme by Patankar. 12 The region of interest is covered with m vertical and n horizontal uniformly spaced grid lines. The numerical solution is truly transient. An iterative process is employed to find the stream function, vorticity, and temperature fields. The process is repeated until the following convergence criterion:
for temperature, vorticity, and stream function is met. In the above expression n is any time level and ⑀ is of order 10 −5 . The average Nusselt numbers for various grid sizes ͑11 ϫ 11, 21ϫ 21, 41ϫ 41, 81ϫ 81, and 161ϫ 161͒ are presented to develop an understanding of the grid fineness that is necessary for accurate numerical simulation as seen in Fig.  2 and Table I . There is a considerable change in the average Nusselt number from 11ϫ 11 to 81ϫ 81 and no noticeable change is observed from 81ϫ 81 to 161ϫ 161. Hence considering the accuracy of the results required and computational time involved, an 81ϫ 81 grid size is chosen for all computations.
IV. RESULTS AND DISCUSSION
Natural convection heat transfer is studied in a rectangular enclosure for different thermally active locations, heat generations ͑S =0, 1, 5, 10͒, Prandtl numbers ͑Pr= 0.054, 0.71, 1.4, 2.05͒, and Grashof numbers ͑Gr= Fig. 3 and Table II . From Table II it is clear that the present solution is closer to Frederick's 13 result. These results provide confirmation of the accuracy of the present numerical method to study the natural convection in an enclosure with partially thermally active side walls.
Figures 4͑a͒-4͑i͒ show the steady state streamlines and isotherms for different active locations on the vertical walls.
In Fig. 4͑c͒ , the cold thermally active part is at the top of the right side of the enclosure and the hot active location is at the top of the left vertical wall. In this figure we observe that the fluid flow covers the entire enclosure. The fluid rises along the hot wall and falls along the cold wall; this leads to formation of the thermal boundary layer at the upper part of the cold wall. cation on the right side of the enclosure. Figure 4͑a͒ shows the fluid flow and heat transfer for the cold active wall at the bottom location of the right side of the enclosure. The hot active location remains at the same position as described above. It is observed that the primary cell is pushed to the bottom of the enclosure and a weak cell rotating in anticlockwise direction is formed over the primary cell at the top of the enclosure. The formation of the bicellular flow pattern reduces the heat transfer rate. Figures 4͑a͒, 4͑d͒ , and 4͑g͒ illustrate the fluid flow and heat transfer for different thermally active hot wall locations on the left side of the enclosure. Figure 4͑a͒ shows the flow pattern for the thermally active location of the hot wall at the top of the left side of the enclosure. Figures 4͑d͒ and 4͑g͒ are, respectively, for the location of the thermally active hot wall portion at the middle and bottom of the left side of the enclosure. In all the three cases it is observed that the primary cell is pushed downwards and a counter-rotating cell is formed over the primary cell. Also it is noted that the strength of the primary cell increases whereas the strength of the secondary cell weakens. As the location of the thermally active portion on the wall moves from the top to the bottom, the heat transfer rate is reduced. It is observed from Figs. 4͑a͒-4͑i͒ that the variation in the location of the thermally active hot wall on the left side of the enclosure does not contribute to improvement in the heat transfer rate. It is clear that the heat transfer rate is more for the middle/middle heating location of the thermally active portion on the walls. The heat transfer rate is much lower for the top/bottom thermally active locations. The same observation is made from Figs. 5͑a͒ and 5͑b͒ which is drawn for various Grashof numbers, different heat generations, and various positions of the thermally active walls. The heat transfer rate increases with a decrease in the heat generation on the hot wall but the opposite reaction holds on the cold wall. Figure 6 shows the midheight profile for the different locations of the thermally active walls. It is observed that the fluid particle moves with greater velocity for the middle/middle active locations and the velocity is less for the top/bottom active locations. Figure 8 depicts the time history of the average Nusselt number which shows that there is a moderate change in the rate of heat transfer when the heat generation is increased. In this case the convection mode of heat transfer is not stronger. Figures 7͑a͒-7͑d͒ ͓row ͑ii͔͒ illustrate the flow pattern for Pr= 0.71 and variation in heat generation. It is observed that the flow is suppressed slightly toward the bottom of the enclosure and the heat transfer rate improves for Pr= 0.71 and low values of heat generation. As heat generation increases, the heat transfer rate decreases. It is also observed from Figs. 9 and 10͑a͒ that the heat transfer rate decreases with an increase in the heat generation on the hot wall. From Fig. 10͑b͒ , it is clear that the opposite of the above holds on the cold wall.
Figures 7͑a͒-7͑d͒ ͓rows ͑iii͒ and ͑iv͔͒ show the impact of variation in the Prandtl number and the source parameter 
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on the fluid flow and heat transfer. When S = 0 and for higher values of the Prandtl number, there appears a single cell rotating in clockwise direction inside the enclosure. As heat generation increases in the case of higher Prandtl number values, bicellular fluid motion exists that leads to lower heat transfer rates. Figure 11 illustrates the transient results of streamlines and isotherms for middle/middle active locations, Pr= 0.71, S = 1, and Gr= 10 5 . In the beginning at = 0.0025, a small single convective cell appears near the thermally active middle region of the left vertical wall; the isotherms are almost parallel to the active part, indicating that only conduction mode of heat transfer prevails in this stage. At = 0.015 and = 0.025 the convective cell expands and occupies three-fourths of the enclosure. The isotherms suggest the establishment of the convective mode of heat transfer. For = 0.05, the core of the convective cell moves away from the active region and for = 0.10 and 0.15, it is elongated toward the cold region; the isotherms show the heat being carried over to most part of the enclosure. When = 0.25, the streamlines are compressed from below, while for = 1.50, they are compressed from above and the inner cell is split into two with the hot cell diminished, while the cold cell grows in size. Hence there is a stagnant region formed at the core, where the heat transfer is only due to conduction. This figure = 1.50 is identical with the steady state Fig. 7͑b͒ ͓row ͑ii͔͒, suggesting that the steady state is reached. In the unsteady state the shear flow is observed in the hot region. Formation of thermal boundary layer is not seen near the active region and hence thermal stratification is observed throughout the enclosure. Figures 12͑a͒ and 12͑b͒ show that the same observation is seen for low Prandtl number values; however, for smaller values of S the heat transfer rate increases on the hot wall. Finally we can conclude that the heat transfer rate decreases with an increase in the Prandtl number and heat generation on the hot wall while the heat transfer rate increases with an increase in the Prandtl number and heat generation on the cold wall. Figure 13 shows that the flow has a higher velocity when S = 1 and Pr= 0.054. As the Prandtl number increases the flow moves with less velocity and subsequently the heat transfer rate takes place in the region between the active walls. Figure 14 shows the effect of variation in heat generation for Pr= 0.71 and Gr= 10 5 . The flow near the hot wall moves with less velocity as the heat generation increases, whereas the fluid particles move with greater velocity near the cold active wall for higher values of heat generation. Figures   FIG. 14 15͑a͒, 15͑b͒, and 16 show the impact of variation in the Grashof number, the average Nusselt number, and velocity of the fluid particles. It is observed that the heat transfer rate increases with an increase in the Grashof number and Prandtl number and fluid particles move with greater velocity due to an increase in buoyancy force for large values of the Grashof number. Comparing the heat transfer at the hot and cold walls ͓Figs. 5͑a͒, 10͑a͒, 12͑a͒, and 15͑a͒ for hot wall and Figs. 5͑b͒, 10͑b͒, 12͑b͒, and 15͑b͒ for cold wall͔ shows that the heat transfer is directly proportional to heat generation at the hot wall and inversely proportional to heat generation at the cold wall. This behavior is because heat generation increases the temperature of the fluid inside the enclosure and hence decreases the temperature difference between the hot wall and the fluid, decreasing the heat transfer from the hot wall to the fluid and increases the temperature difference between the cold wall and the fluid, leading to an increase in the heat transfer from the fluid to the cold wall. Figures 17͑a͒ and 17͑b͒ provide the change in the average Nusselt number as the Ar. It is observed that as the Ar increases, the heat transfer at the hot wall ͑wall to the fluid͒ increases steadily and that at the cold wall ͑fluid to the wall͒ slightly decreases for ArϽ 1 and increases for ArϾ 1. Also we observe the heat transfer at both the hot and cold walls to be the minimum and remain almost the same for all values of Ar for the top hot and bottom cold thermally active locations, which is a stable situation and convection to its minimum. In this case we also notice the bicellular motion which prohibits the exchange of fluid particles between the cells and heat transfer is almost purely by conduction which is a slow mode of heat transfer, resulting in the reduction in heat transfer compared to the other situations.
V. CONCLUSIONS
The natural convection in a two-dimensional enclosure filled with a fluid is analyzed numerically in the present investigation. It is concluded that the rate of heat transfer is found to be highest when the thermally active locations are placed at the middle of the side walls. It is at its lowest when the hot location is kept at the top and cold location at the bottom of the side walls. As the Prandtl number and Grashof number increase, the heat transfer rate also increases. The heat transfer rate increases with a decrease in the heat generation on the hot wall but the opposite of it holds on the cold wall.
ACKNOWLEDGMENTS
The work was partly supported by the Research Grants Council of the Hong Kong Special Administrative Region, China, through Project No. HKU 7192/04E.
